glycoprotein showed that epitopes within two domains, B and C, mediated HCVcc neutralization, whereas HMAbs to domain A were all nonneutralizing. For the neutralizing antibodies to domain B (with some to conserved epitopes among different HCV genotypes), the inhibitory antibody concentration reducing HCVcc infection by 90%, IC 90 , ranged from 0.1 to 4 g/ml. For some neutralizing HMAbs, HCVcc neutralization displayed a linear correlation with an antibody concentration between the IC 50 and the IC 90 while others showed a nonlinear correlation. The differences between IC 50 /IC 90 ratios and earlier findings that neutralizing HMAbs block E2 interaction with CD81 suggest that these antibodies block different facets of virus-receptor interaction. Collectively, these findings support an immunogenic model of HCV E2 having three immunogenic domains with distinct structures and functions and provide added support for the idea that CD81 is required for virus entry.
Hepatitis C virus (HCV) is a positive-stranded RNA virus containing at least three structural proteins-core and two envelope glycoproteins, E1 and E2-and six nonstructural proteins (1) . Studies with infectious retroviral particles pseudotyped with HCV E1E2 (HCVpp) showed that virus entry requires both E1 and E2 glycoproteins associated as a heterodimer, involves interactions with CD81, is low pH dependent, and is blocked by antibodies to HCV E2 and sera from HCV-infected individuals (3, 8, 13) . Detailed information on the immunogenic and functional organization of HCV envelope glycoproteins and in particular E2 is needed to facilitate immunotherapeutics and vaccine development. Cross-competition studies with a panel of HCV E2 human monoclonal antibodies (HMAbs) showed that the HCVpp E2 glycoprotein contains three immunogenic conformational domains, designated A, B, and C, that are accessible on the surface of HCVpp (10) . Each domain carries epitopes that are either highly conserved among diverse HCV genotypes or more restrictedly conserved. Epitopes within two domains, B and C, are targets of HCVpp-neutralizing antibodies, and the other domain, A, contains nonneutralizing epitopes that participate in structural changes as part of a pH-dependent virus envelope fusion process (9) . Recently, three groups developed full-length HCV RNA genomes replicating efficiently when transfected into human hepatoma cells (Huh7) and producing infectious virions (11, 15, 17) . The availability of these and other cell-cultured infectious HCV virions, HCVcc, should greatly accelerate studies of HCV biology (4, 11, (14) (15) (16) (17) . This report focuses on the immunogenic and functional organization of HCV E2 on HCVcc virions.
Three immunogenic conformational domains on HCV virion. It has been reported elsewhere that stable human hepatoma cell lines containing a chromosomally integrated cDNA of HCV genotype 2a (JFH1) RNA constitutively secrete infectious virions into the medium (4). This provides a robust source of virus to study each aspect of the entire HCV life cycle. HCVcc virions from stable cell lines could reinfect naïve Huh7.5 cells, and viral replication could be suppressed by alpha interferon. We examined whether HCVcc infectivity can be neutralized by a panel of immunoglobulin G1 (IgG1) HMAbs to three distinct immunogenic domains on HCV E2 glycoprotein. Four antibodies (CBH-2, -5, -8C, and -11) to domain B, three antibodies (CBH-4B, -4D, and -4G) to domain A, one antibody to domain C (CBH-7), and a negativecontrol isotype-matched HMAb to cytomegalovirus (R04) were tested. Production of HCVcc, titration of infectious units, and HCV infection assays were performed as described previously (4). To determine HCV-neutralizing activities of HMAbs, HCVcc-containing culture medium (HCV titer, 2 ϫ 10 4 IU/ml) was used to dilute HMAbs to different concentrations and then added to Huh7.5 cells in a 12-well cell culture plate. After 3 h of incubation, the HCV and antibody mixture was removed, and the cells were washed twice with phosphate-buffered saline (PBS) and incubated with 1 ml Dulbecco modified Eagle medium containing 10% fetal bovine serum. Infectivity was determined by measuring the levels of positive-stranded HCV RNA using an RNase protection assay (RPA) (4). Some of the antibodies (CBH-7, -4G, -4B, and -4D and control antibody R04) were assessed at concentrations up to 50 g/ml. The total cellular RNA was extracted from the HCV-infected Huh7.5 cells in six-well cell culture plates at 3 days postinfection (p.i.) and quantified by an RPA using an [␣-
32 P]UTP-labeled RNA probe containing the negative-stranded HCV 3Ј-untranslatedregion RNA (Fig. 1) . The HMAbs to domain B, CBH-2, -5, -8C, and -11, neutralized HCVcc infectivity with high potency, while antibodies to domain A, CBH-4G, -4B, and -4D, had no neutralizing activities. The HMAb to domain C, CBH-7, showed a modest HCVcc-neutralizing activity. HCVcc neutralization was confirmed with NS3 protein expression measurements by Western blot analysis. Huh7.5 cells were infected in the presence of each of the antibodies as described above; cells were lysed at 3 days p.i. and analyzed. The abilities of each domain A and representative domain B (CBH-5) and domain C (CBH-7) HMAbs to neutralize HCV infectivity to Huh7.5 cells are shown in Fig. 2A and B. All domain A HMAbs showed no effect on NS3 protein levels ( Fig. 2A) . Strikingly, HCVcc was completely neutralized at low antibody concentrations by all domain B HMAbs as represented by CBH-5 in Fig.  2B and more fully discussed below. However, the domain C HMAb, CBH-7, showed neutralizing activity only at an IgG concentration of Ն5 g/ml (Fig. 2B) . The glyceraldehyde-3-phosphate dehydrogenase (GAPDH) protein used as an internal control was detected by using an anti-GAPDH monoclonal antibody in Fig. 2A and B (Abcam, Cambridge, MA).
To determine whether a reduction in HCV RNA and NS3 expression by neutralizing antibodies is correlated with a reduction in infectious virion production, CBH-4G and CBH-5 as respective representatives of domains A and B HMAbs were assessed in an infectivity reduction assay (Table 1) . HCVcc were incubated with each HCV HMAb and R04 (control) at 0.1 to 100 g/ml for 1 hour prior to Huh7.5 cell infection. Huh7.5 cells were preseeded the previous day at a density of 32,000 cells/well in a 24-well plate. At 3 h p.i., HCV-containing medium was replaced with 1 ml of Dulbecco modified Eagle medium containing 10% fetal calf serum. At day 3 p.i., 1 ml of supernatant from each well was centrifuged at 1,000 ϫ g for 5 min to remove cell debris and 350 l was then added to a second corresponding well containing uninfected Huh7.5 cells. Following another 3 days, cell culture medium was removed. The cells were harvested and fixed in triplicate sets onto a 24-spot Teflon-coated microscope slide as described previously (7) . Infection was assessed for NS3, NS5A, and E2 expression by an indirect immunofluorescence assay as described previously (7), employing a mouse monoclonal antibody to NS3 (4), a polyclonal sheep anti-NS5A serum (12) , and antibody CBH-2 to E2. Detection was with fluorescein isothiocyanate-conjugated anti-species IgG (Jackson ImmunoResearch Laboratories), and counterstaining was done with Evans blue. Bound antibody was revealed by fluorescence microscopy. At all tested antibody concentrations for CBH-4G and R04, the HCVcc yield in the first set of infected cells was not reduced, as sufficient amounts of virus were passed to the second set of Huh7.5 cells, leading to the majority of the cells being infected. For CBH-5, reduced HCVcc infection was observed starting at 0.5 to 1 g/ml, with complete infectivity reduction at concentrations above 1 g/ml. Collectively, these findings support an immunogenic model of HCVcc E2 containing three distinct functional domains as previously shown with HCVpp studies.
Virus neutralization potency with HCV virions. A more quantitative measure of neutralization potency was determined by calculating IC 90 , the inhibitory antibody concentration reducing HCV infection by 90% (Fig. 2B and C) . HCVcc virions were incubated for 2 h with each HMAb at 0.001 to 100 g/ml prior to Huh7.5 cell infection. Figure 2B shows representative antibodies, with CBH-5 blocking NS3 expression at 0.02 g/ml but CBH-7 requiring Ͼ10 g/ml. NS3 reduction as quantified by phosphorimager analysis for each HMAb is summarized in Fig. 2C . The four antibodies to domain B, CBH-2, -5, -8C, and -11, completely neutralized HCVcc with respective IC 90 s at 0.4, 0.1, 1, and 4 g/ml. The average Ig concentration of domain B HMAbs for the IC 90 was 1.37 g/ml or 9.14 nmol/liter. For domain C HMAb CBH-7, the IC 90 was at 50 g/ml or 332 nmol/liter. The neutralization potency is in the order CBH-5 Ͼ CBH-2 Ͼ CBH-8C Ͼ CBH-11 Ͼ CBH-7, which is in agreement with HCVpp pseudotyped with JFH1 2a E1E2, with domain B HMAbs having greater activities than domain C-specific CBH-7 ( Fig. 3A and B) . 32 P]UTP-labeled HCV-specific RNA probes. HCVcc were incubated with anti-E2 HMAbs at increasing concentrations prior to infection of Huh7.5 cells preseeded in a six-well plate. Antibody concentrations used were 0, 0.016, 0.08, 0.4, and 2.0 g/ml for CBH-2, -5, and -8C; 0.08, 0.4, 2, and 10 g/ml for CBH-11; and 0, 0.4, 2, 10, and 50 g/ml for CBH-7, -4G, -4B, -4D, and R04 (an isotype-matched HMAb to a cytomegalovirus epitope), respectively. At 3 h p.i., the HCVantibody-containing medium was removed, and the cells were washed with PBS, refed with fresh medium, and incubated at 37°C. At 72 h p.i., total RNA was extracted from the HCV-infected Huh7.5 cells using Trizol reagent (Invitrogen). The presence of positive-strand HCV RNA in the HCV-infected Huh7.5 cells was determined by RPA using an RPA III kit following the manufacturer's procedures (Ambion). As described previously (4), a total of 10 g of total cellular RNA extracted from HCV-infected Huh7.5 cells was hybridized with 10 5 cpm of the [ 32 P]UTPlabeled negative-strand 3Ј-untranslated-region RNA probe and 3 ϫ 10 4 cpm of human ␤-actin RNA probe. After RNase digestion, the RNA products were analyzed in a 6% polyacrylamide-7.7 M urea gel, autoradiographed, and quantified with a phosphorimager. Probes for HCV and ␤-actin (P hcv and P actin ) are indicated on the right. Numbers at left are molecular sizes in base pairs.
Although these HCV HMAbs were derived from a genotype 1b-infected donor, the IC 50 s of domain B HMAbs for 2a strain JFH1 were lower than with genotype 1b E1E2-pseudotyped HCVpp (Fig. 3B) . Also, these antibodies were not able to completely neutralize 1b HCVpp (9, 13) in contrast to complete 2a HCVpp neutralization. Maximum neutralization of genotype 1b HCVpp ranged between 50 and 85% at a saturating IgG concentration of 50 g/ml or higher as shown in Fig.  3A . The IC 50 s for 1b HCVpp neutralization for CBH-2, -5, -8C, -11, and -7 were 1.33, 1.77, 34.58, 16.74, and 23.67 g/ml, respectively. The respective IC 50 s for JFH1 2a HCVpp neutralization for CBH-2, -5, -8C, -11, and -7 were 0.35, 0.10, 1.50, 1.50, and 60 g/ml. This genotypic difference cannot be explained by antibody affinity, as the antibody disassociation constant, K D , is similar for each antibody with both genotypes except for CBH-8C (Fig. 3C) . Studies are under way to assess the relative density of each epitope as identified by these HMAbs on the surface of both genotype 1b and 2a HCVpp, as
FIG. 2. Effect of HMAbs on genotype 2a
HCVcc infectivity as determined by NS3 expression. HCVcc were incubated with each HMAb at increasing concentrations prior to infection of Huh7.5 cells preseeded in a 24-well plate. At 3 h p.i., the HCVcc-antibody-containing medium was removed, and the cells were washed twice with PBS followed by incubation at 37°C in fresh medium. Cells were harvested for Western blotting analysis at 72 h p.i. (A) Domain A HMAbs showed no reduction of NS3 expression. (B) Quantitative HCVcc virus neutralization with CBH-5 and -7 shown as respective representative domain B and C antibodies. HCV NS3 protein expression was determined by a monoclonal antibody specific to NS3 (4). The GAPDH protein used as an internal control was detected using an anti-GAPDH monoclonal antibody (Abcam). The expression level for NS3 protein was quantified by phosphorimager analysis, and the percent neutralization relative to control cells without antibody treatment (100%) was calculated. (C) Table of CBH-2, -5, -8C, -11, and -7 antibody concentrations to reach 50% and 90% HCVcc neutralization, IC 50 and IC 90 , respectively, as calculated using Prism software (GraphPad). the critical number of binding sites being occupied is another contributing factor for virus neutralization.
The IC 50 of these antibodies for either 1b or JFH1 2a HCVpp (Fig. 3B ) was higher than that for JFH1 2a HCVcc (Fig. 2C) . The basis for the global differences between HCVcc and HCVpp is not known but could reflect differences in how these particles are assembled, leading to differences in the relative copy number of the incorporated viral glycoproteins and in amino acid alignment and altered accessibility of these epitopes. This could include differences in E2 glycosylation with HCVpp and HCVcc affecting the surface exposure of their epitopes. Lending support to differences in how these particles are packaged are earlier studies with CD81, a putative HCV receptor (6) . All domain B (CBH-2, -5, -8C, and -11) and C (CBH-7) antibodies blocked recombinant E2 protein binding to CD81-expressing cells or to CD81-coated plates and were designated as neutralization-of-binding (NOB) positives. All antibodies to domain A, CBH-4B, -4D, and -4G, were NOB negative as they failed to block E2-CD81 interaction. While an antibody designated NOB positive or negative was generally predictive of HCVpp and HCVcc neutralization, there are subtle differences. CBH-7 blocks recombinant 1a E2 binding to CD81 and neutralizes 1a HCVpp but did not block 1a plasma-derived HCV virion binding to CD81 (6) . While multiple factors can account for a lack of binding to plasmaderived virions, if HCVcc is more structurally similar to plasmaderived virions than HCVpp is, the findings with CBH-7 are consistent with the view that the structural arrangement of envelope glycoproteins is different with HCVpp and HCVcc and certainly with the CBH-7 epitope.
Another observation was the HCVcc neutralization profiles for CBH-5 and CBH-7 displaying a linear relationship with antibody concentration from IC 50 to IC 90 ( Fig. 2B and C) . However, the profiles for CBH-2, -8C, and -11 displayed a nonlinear relationship between IC 50 and IC 90 , in which 5 to 14 times more antibodies were required to achieve IC 90 than IC 50 . The possible contributions to differences with neutralization profiles include affinity of antibody binding to different viral epitopes, kinetics of antibody association and dissociation with targeted antigen, IgG subclass, and mechanisms of neutralization whereby these antibodies inhibit different facets of HCVcc interaction with its putative receptor(s) (5). However, IgG subclass or antibody affinity is an unlikely factor in this case as these antibodies are all IgG1 and their relative K D values are similar apart from CBH-5 (Fig. 3C) . More studies will be required to find out whether these antibodies block at distinct steps in virus-receptor interactions. In summary, the immunogenic organization of HCVcc E2 glycoprotein consists of three distinct domains with epitopes mediating virus neutralization restricted to two domains as described for HCVpp. The fact FIG. 3 . Virus neutralization of genotype 2a and 1b HCVpp. HCVpp production, purification, and neutralization were performed as previously described (2, 9) . (A) HCVpp were incubated with each E2 HMAb at increasing concentrations (0, 0.01, 0.1, 1, 5, 10, 20, 50, and 100 g/ml) for 60 min at 37°C prior to infection of Huh7 cells preseeded in a 96-well plate. At 3 h p.i., the HCVcc-antibody-containing medium was removed, and the cells were washed twice with PBS. Samples were harvested for luciferase activities assay at 72 h p.i. Neutralization activity was determined by percent reduction of luciferase activity relative to "no-antibody" control. (B) IC 50 s of CBH-2, -5, -8C, -11, and -7 HMAbs for genotype 2a or 1b HCVpp as calculated using Prism software (GraphPad). (C) Antibody K D measurements were performed with sucrose density equilibrium gradient-purified genotype 1b and JFH1 2a HCVpp as previously described (9) .
that the ability to block E2 binding to CD81 is predictive of neutralization provides additional support for the idea that CD81 is a required molecule for HCVpp and HCVcc entry.
